ABSTRACT: Aim: Cardiotrophin-1 (CT-1) is upregulated by hypoxemia and hemodynamic overload and is characterized by potent hypertrophic and protective properties on cardiac cells. This study aimed to investigate whether CT-1 is differentially induced in the myocardium of infants with congenital cardiac defects depending on hypoxemia. Methods & results: Infants with Tetralogy of Fallot (n = 8) or with large nonrestrictive ventricular septal defect (n = 8) undergoing corrective surgery were investigated. Expression of CT-1 was assessed at mRNA and protein levels in the right atrial and ventricular myocardium. The activation of the STAT-3 and VEGF were measured. Degradation of cardiac troponin-I served as a marker of myocardial damage. CT-1 was detected in all patients with levels negatively correlating to the arterial oxygen saturation. Higher CT-1 expression in Tetralogy of Fallot patients was associated with activation of the JAK/STAT pathway and higher cardiac troponin-I degradation. Conclusion: CT-1 may mediate myocardial hypertrophy and dysfunction in infants with congenital cardiac defects, particularly in those with hypoxemia.
Cardiotrophin-1 (CT-1), a member of the IL-6 family, was originally discovered as a factor that can induce hypertrophy of cardiomyocytes, both in vitro and in vivo [1] [2] [3] .
CT-1 has been shown to have a wide variety of growth and differentiation effects on different cell types, predominantly on the heart where it is synthesized [3] [4] [5] [6] . CT-1 binds to a receptor system that consists of the IL-6 receptor and a common signal transducer, the glycoprotein 130/leukemia inhibitory factor complex. The signaling activity is characterized by activation of all three following distinct pathways: first, the JAK/STAT pathway; second, the MAPK, including extracellular SRK 1 and 2 signaling pathway; and third, the phosphatidylinositol 3-OH kinase pathway [1, 3, 7] . CT-1 most likely achieves its effects by a combination of these three pathways (Figure 1) . Indeed, CT-1 induces myocyte hypertrophy and collagen synthesis, as well as prolonged survival of cardio myocytes that are involved in ventricular remodeling [1, 8] . CT-1 is also elevated in the serum of adult patients with hypertension and coronary artery disease. These levels correlate with disease severity in valve disease and heart failure [9] [10] [11] . Increased CT-1 secretion seems to be an early factor that occurs before the onset of left ventricular systolic dysfunction [12] , and chronic CT-1 secretion impairs contractile function in reconstituted heart tissue [13] . The heart is a main source of circulating CT-1 in humans since CT-1 concentrations are significantly higher in the coronary sinus than in the aorta [14] . CT-1 synthesis is increased by hypoxia [15] , mechanical stress [16] and proinflammatory cytokines such as IL-1b [15] . CT-1 may therefore take part in myocardial remodeling and failure in children with
ReseaRch aRticle Heying, Qing, Schumacher, Sokalska-Duhme, Vazquez-Jimenez & Seghaye congenital cardiac defects, but this has not been investigated thus far.
The aim of this study was, therefore, to test the hypothesis that CT-1 is differentially expressed in the myocardium of infants with congenital cardiac defects, depending on hypoxemia, and to investigate the signaling pathway related to its expression in this particular patient population.
Patients & methods

•
• Patients
After approval by the Human Ethical Committee of the Aachen University Hospital (Aachen, Germany) and informed consent of their parents, we prospectively investigated 16 infants aged 0.4-13.1 months undergoing primary corrective cardiac surgery. Eight patients had Tetralogy of Fallot and eight had a large nonrestrictive ventricular septal defect with pulmonary hypertension. All patients with Tetralogy of Fallot had a mild degree of hypoxemia (arterial oxygen saturation <90%). All patients had systemic levels of right ventricular pressure and right ventricular hypertrophy as shown by ECG and echocardiography, without clinical signs of right ventricular failure.
•
• cardiac operation & sampling of myocardial biopsies
In all cases, drugs given for premedication and conventional general anesthesia consisted of midazolam, fentanyl sulfate and pancuronium bromide. Cefotiam hydrochloride was given for perioperative antibiotic prophylaxis. Dexamethasone (3 mg/m 2 body surface area) was given immediately prior to sternotomy. After institution of hypothermic cardiopulmonary bypass with a flow index of 2.7 l/min × m 2 body surface area for 15-20 min, the aorta was cross-clamped and cardiac arrest instituted by intra-aortal injection of a 4°C cold cardio plegic solution (30 ml/kg body weight), which was reaspirated in the right atrium. A biopsy was taken from the right atrial appendage before institution of cardio pulmonary bypass and from the right ventricular outflow tract immediately after aortic clamping, under the condition of deep hypothermia (22°C) and low flow bypass (0.65 l/min × m 2 body surface area), approximately 20 min after the start of cardiopulmonary bypass. Myocardial samples were taken from the infundibular portion of the right ventricular outflow tract. Samples obtained for reverse transcriptase PCR and western blotting were immediately snap-frozen in liquid nitrogen and stored at -80°C until ana lysis. Samples taken for immunocytochemistry were fixed in B*5 buffered solution (0.6% ZnCl 2 and 0.1% acid acetate), embedded in paraffin and cut into 3-µm thick sections.
• Reverse transcriptase PcR
Total RNA was extracted from the atrial and ventricular myocardium in all patients by using the RNeasy ® kit (Qiagen Inc., Hilden, Germany). Total RNA (2 µg) was reverse transcribed to complementary DNA with random hexamers. Primers for human CT-1 (sense: 5´-A AC TC T TGG ACCC TCC TCGT-3´ and antisense: 5´-AGGAGGTGGGGATG-GAAAAA-3´) and human 18S rRNA (sense: 5´-GTTGGTTTTCGCAACTGAGG-3´ and antisense: 5´-GGCCTCACTA A ACCATC-CAA-3´) were used to amplify complementary DNA products by PCR (35 cycles; 94°C for 30 s, 55°C for 30 s and 72°C for 2 min). PCR products were subjected to electrophoresis in a 1.8% agarose gel, stained with ethidium bromide and photographed. The predicted lengths of the amplification products for CT-1 and 18S rRNA were 152 and 834 base pairs, respectively.
• Western blotting
Total protein homogenates (100 µg) from atrial and ventricular myocardium were denatured and separated on 12 and 8% polyacrylamide gels by were normalized for that of STAT-3, respectively (Quantity One ® Quantification software 4.1, Bio-Rad Laboratories BV, Veenendaal, The Netherlands). The density of the degradation products of cardiac troponin-I was expressed as a percentage of the total immunoreactivity (Box 1).
• • electrophoretic mobility-shift assay Nuclear extracts were prepared as previously described [17] . Protein concentrations were determined with a Bio-Rad protein assay (BioRad Laboratories BV). The electrophoretic mobility-shift assay was performed by using a double-stranded 32 P-labeled mutated sisinducible element oligonucleotide from the c-fos promoter (m67 sis-inducible element: 5´-GAT CCGGG AGGG AT T TACGGGG A A AT-GCTG-3´; MWG-Biotech AG, Ebersberg, Germany) [17] . For supershift assays, nuclear extracts were incubated with an antibody against STAT-3 (polyoclonal rabbit antihuman, Santa Cruz Biotechnology) overnight at 4°C before addition of the radiolabeled probe. The protein-DNA complexes were separated on a 6% polyacrylamide gel containing 7.5% glycerol in buffer (20 mM Tris, 20 mM boric acid and 0.5 mM EDTA) at 210 V. Gels were dried and autoradiographed.
• immunocytochemistry
Immunostaining was performed using the immuno histochemistry mouse or rabbit kit (InnoGenex, Inc., CA, USA) to identify the cells producing CT-1 and STAT-3 in the ventricular myocardium. Briefly, sections were pretreated with a solution of peroxide block for 20 min to inhibit endogenous peroxidase activity and incubated with the power block reagent to block nonspecific protein binding. Subsequently, sections were incubated with the primary mouse antihuman CT-1 (1:100; Santa Cruz Biotechnology) or rabbit antihuman STAT-3 (1:100, Cell Signaling Technology, Inc.) for 4 h. After rinsing with phosphate-buffered saline solution plus 0.1% polysorbate, the slides were incubated for 30 min with the secondary antibodies. The slides were rinsed with phosphate-buffered saline and incubated for 20 min in a streptavidin-peroxidase conjugate. The color reaction was developed in aminoethyl carbazole substrate. Specimens were counterstained with hematoxylin. Negative controls were obtained by omitting the primary antibodies in the myocardial probes. Typical morphologic characteristics for cardiomyocytes, macrophages and endothelial cells were assessed by oil microscopy at 1000-fold magnification.
• statistical ana lysis
Results are expressed by the mean value ± standard deviation. The Mann-Whitney U test was used to analyze differences between patients with cyanotic or acyanotic cardiac defects. Correlation of independent parameters was assessed by the Spearman rank correlation test. p-values <0.05 were considered significant and p-values <0.1 were considered to indicate a tendency towards significance. Data were analyzed with the Statistical Package for Social Sciences ® (SPSS Software; IBM, Ehningen, Germany).
Results
• • clinical results
Patients with Tetralogy of Fallot and patients with ventricular septal defect showed similar parameters concerning age and weight. table 1 summarizes patient epidemiological data.
• • intramyocardial ct-1 synthesis CT-1 was detected at mRNA and protein levels in the right atrial and ventricular myocardium of all patients. Concentrations of CT-1 were significantly higher in the right atrial and ventricular myocardium of patients with Tetralogy of Fallot compared with those with ventricular septal defect (p <0.05, respectively; Figure 2) .
Immunocytochemistry showed the presence of CT-1 in the cytoplasm of cardiomyocytes and intense band of 26 kDa in the right atrial and ventricular myocardium of all patients. The levels of intact (32 kDa) and total cardiac troponin-I (32 + 26 kDa) were significantly higher in the right ventricle, but not in the right atrial myocardium of infants with Tetralogy of Fallot compared with others (quotient of intact cardiac troponin-I: 1.09 ± 0.08 vs 0.87 ± 0.14; p < 0.05; total cardiac troponin-I: 1.62 ± 0.28 vs 1.09 ± 0.27; p < 0.01). Moreover, infants with Tetralogy of Fallot showed higher levels of 26-kDa cardiac troponin-I in the right atrium and ventricle than those with ventricular septal defect (p = 0.1 and p < 0.05, respectively; Figure 7 ).
Discussion
Our study demonstrates, for the first time, that CT-1 is expressed in the right atrial and ventricular myocardium of infants with congenital cardiac defects and that this is associated with the activation of the JAK/STAT-3 pathway and the degradation of cardiac troponin-I.
• expression of ct-1 in the myocardium of infants with congenital cardiac defects
Although CT-1 is present in various organ tissues, including the developing and the adult heart [4], the expression of CT-1 mRNA is markedly stimulated by hypoxia in vitro [15] . Furthermore, in an animal model of myocardial infarction, elevated CT-1 expression was observed in the infarcted zone at 24 h and persisted up to 8 weeks postinfarction [18] . Our results, which show a relationship between the degree of preoperative hypoxemia and CT-1 expression, suggest that hypoxemia stimulates CT-1 expression in infants. Besides hypoxemia, other stimuli are known to induce CT-1 expression. Hemodynamic overload [19] , as well as proinflammatory cytokines [15] , might have contributed to increased CT-1 expression in our patients [20] .
Control CT-1 STAT-3 Infants with Tetralogy of Fallot or with a large ventricular septal defect show right ventricular hypertrophy, which is due to the severe pulmonary stenosis associated with the large ventricular septal defect in Tetralogy of Fallot and to high flow pulmonary hypertension in single ventricular septal defect. Therefore, both patient groups had pressure overload of the right ventricle at the systemic level and myocardial remodeling as previously reported [20, 21] . In addition to right ventricular pressure overload, patients with ventricular septal defect also demonstrated volume overload of the left ventricle that may have enhanced CT-1 expression in response to inflammatory pathways, as a limit of this study and discussed above.
CT-1 binds to the leukemia inhibitory factor/glycoprotein 130 receptor, activating the JAK/STAT pathway, which is known to transduce hypertrophic signals in cardiac cells [3, 22] . The JAK/STAT pathway is activated by hypoxia and mechanical stretch. This activation is mainly influenced by cytokines of the IL-6 family to which CT-1 belongs [6, 15, 16, 23] . CT-1 induces phosphorylation of STAT-3 in a concentrationdependent manner and maintains its activation for 6 days in cultured neonatal cardiomyocytes [13] , indicating its long-lasting effect. In the present study, intramyocardial phosphorylation and activity of STAT-3 suggest the activation of the JAK/STAT cascade by CT-1 in the myocardium of infants with congenital cardiac defects. Transgenic mice with cardiac-specific overexpression of STAT-3 manifest mild cardiac hypertrophy at the age of 12 weeks [24] .
In addition, STAT-3 plays an important role in the transcriptional regulation of VEGF in cardiac myocytes: increased expression of VEGF was observed in cardiac myocytes after CT-1 stimulation, which was completely inhibited by dominant-negative STAT-3 in vitro and in vivo [25] . Phosphorylation of STAT-3 results in its nuclear translocation and DNA binding by which the target gene, VEGF, is regulated. In our series, the overexpression of VEGF correlates with the levels of CT-1 and phospho-STAT-3 in the right ventricle. This suggests that CT-1 induces cardiomyocyte hypertrophy and angiogenesis during right ventricular remodeling in infants with congenital cardiac defects; the JAK/STAT signaling pathway seems to play a role.
• effects of ct-1 on the myocardium Furthermore, to induce cardiac hypertrophy via the JAK/STAT pathway, CT-1 expression was associated with cardiac troponin-I degradation. Cardiac troponin-I, an important component of the cardiac contractile apparatus, is degraded by Ca 2+ -dependent proteases, which results in decreased maximal force and in relative insensitivity to calcium in myocardial ischemia and reperfusion injury [26, 27] . The assumption that CT-1 mediates myocardial cell damage is supported by the fact that chronically increased synthesis of CT-1, as observed in human heart failure, might further accelerate contractile dysfunction and disease progression [9, 10, 12] . A recent study performed on reconstituted heart tissue demonstrated that chronic CT-1 stimulation impairs contractile function by downregulating expression of calsequestrin, a myocyte-specific protein involved in Ca 2+ -handling [13] . CT-1 induces cardiac myocyte hypertrophy via the addition of sarcomeres in series rather than in parallel and via increased cardiac myocyte length, with little change in width [28] . This contributes to ineffective force generation. In addition, CT-1 increases the number of nonmyocyte cells including cardiac fibroblasts [29] . As we showed in this study by immunohistological staining, CT-1 is also present in nonmyocyte cells, suggesting that it might take part in the remodeling of the extracellular matrix of the infant myocardium. Indeed, CT-1 increases mature collagen synthesis [18, 29, 30] . This study shows, for the first time, differential expression of CT-1 in the myocardium of infants with congenital cardiac defects. Hypoxemia is likely to stimulate CT-1 expression in this age group. CT-1 activates the JAK/STAT pathway in these children, which mediates myocardial hypertrophy and leads to cardiac troponin-I degradation. The early myocardial remodeling with troponin degradation observed in our series points to the importance of early surgical management in patients with congenital heart defect and hypoxemia. expression of CT-1, which is responsible for a variety of growth and differentiation effects, especially in cardiomyocytes. Children with Tetralogy of Fallot or a large ventricular septal defect are exposed to hemodynamic overload leading to myocardial changes. Investigation of the CT-1-induced pathways on a molecular level may unravel the underlying processes leading to myocardial transformation and clinical myocardial dysfunction. Therapy and management of children with congenital heart disease is determined by clinical requirements and the technical evolution of surgical techniques. Knowledge of ongoing intramyocardial processes in unoperated heart disease is expected to generate important additional information, which might have an impact on the future management of these patients. The influence of hypoxemia on intramyocardial processes might influence the optimal timing of surgical treatment in these children. exeCuTIVe SuMMARy
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• Cardiotrophin-1 (CT-1) is differentially expressed in the myocardium of infants with heart defects depending on hypoxemia.
• Higher CT-1 expression in patients with Tetralogy of Fallot is associated with activation of the JAK/STAT pathway and higher cardiac troponin-I degradation.
• CT-1 might influence myocardial hypertrophy and myocardial dysfunction in infants with congenital cardiac defects, particularly in those with hypoxemia.
